The hallmark of enterohemorrhagic Escherichia coli (EHEC) and enteropathogenic E. coli (EPEC) adhesion to cultured human host cells is intimate attachment and the formation of attaching and effacing (A/E) lesions. Recently, EHEC O157:H7 was shown to induce A/E lesions on human intestinal explants. Unlike EPEC, which colonized the small intestine, EHEC adhesion was restricted to follicle-associated epithelium (FAE) of ileal Peyer's patches. This study tested the hypothesis that the bacterial adhesin intimin contributes to tissue specificity. Complementing the eae gene mutation in CVD206 (derived from EPEC strain E2348/69) with EPEC eae a (encoding intimin-a) restored the ability to colonize small intestinal mucosa like the parent strain. In contrast, complementing with EHEC eae g (encoding intimin-g) resulted in the strain adhering and inducing A/E lesion on Peyer's patches, similar to EHEC. An intimin-g-positive O55:H7 EPEC also targeted FAE. Thus, intimin contributes to the tissue specificity of A/E lesion-forming microbial pathogens.
ary branch known as EPEC clone 1, whereas intimin-b is mainly associated with EPEC and EHEC strains of their respective clone 2. Intimin-g is associated with EHEC O157:H7, EPEC O55:H7, and O55:HϪ, whereas intimin-d is expressed only by EPEC O86:H34 [3] . Replacing the intimin-g-encoding eae gene of EHEC O157:H7 with eae encoding intimin-a resulted in colonization spreading from the colon to the small intestine in gnotobiotic piglets [4] , which raised the possibility that intimin confers different tissue-targeting properties. In this study, we investigated the role of intimin-a and intimin-g in determining regional tissue tropism.
Materials and Methods

Bacterial strains and plasmids.
EPEC CVD206 (O127:H6, eae Ϫ ) was transformed with pCVD438 (encoding intimin-a) [5] , or pBE310 (encoding intimin-g) [6] . In addition, we used plasmid pICC55 to express a chimera intimin, intimin-a/g, in which the cell-binding domain of intimin-a on pCVD438 was replaced by the cell-binding domain of intimin-g from EHEC (including the carboxy terminal 385 aa; the 554 amino terminal aa of intimin-a are 97% identical to the homologous region of intimin-g; authors' unpublished data). An O55:H7 intimin-g-positive EPEC strain (ICC58), isolated from a child with diarrhea in São Paulo, Brazil, was included to determine whether it showed similar tissue tropism to intimin-g-positive EHEC. Before adhesion studies, bacteria were subcultured into brain-heart infusion broth and incubated aerobically overnight at 37ЊC without agitation. CVD206(pCVD438) and CVD206(pICC55) were cultured with 30 mg/mL chloramphenicol and CVD206(pBE310) with 100 mg/mL ampicillin.
Detection of intimin expression by Western blotting and immunofluorescence. Intimin was detected on Western blots of wholecell extracts and on HEp-2-adhering bacteria by use of a universal intimin antiserum. The antiserum was raised against recombinant Downloaded from https://academic.oup.com/jid/article-abstract/181/4/1496/865392 by guest on 11 December 2018 Int 388-667 , a conserved region of the intimin molecule [7] . We used the fluorescence actin staining (FAS) test to detect A/E lesion formation on HEp-2 cells [8] .
Tissue samples. Samples were obtained during routine investigation of children for intestinal disorders. Mucosal biopsies of small intestine (fourth part duodenum and terminal ileum), ileal Peyer's patches, and transverse colon were taken during endoscopy (PCF pediatric endoscope; Olympus, Southend-on-Sea, United Kingdom). Patients' ages are shown in table 1. Biopsies were taken from normal-appearing areas, and intestinal histology was reported as normal.
In vitro organ culture (IVOC) adhesion assay. An 8-h IVOC assay was performed [9] . Each bacterial strain was examined at least 3 times with tissue from different children. An uninoculated specimen was included each time, to exclude in vivo bacterial colonization. Enteroaggregative E. coli O42 was used as a positive control for colonic incubations. After incubation, specimens were washed thoroughly to remove nonadherent bacteria and prepared for scanning electron microscopy (SEM). Samples were fixed with 2.5% glutaraldehyde and then in osmium tetroxide, critically point dried by use of liquid carbon dioxide, and viewed by SEM (JEOL 5300, JEOL, Welwyn Garden City, United Kingdom).
Results
Expression of intimin and FAS test.
Both intimin-a and intimin-g were detected in whole-cell extracts by Western blot; similarly, surface intimin expression was detected on CVD206(pCVD438), CVD206(pBE310), CVD206(pICC55), and ICC58 (O55:H7) during infection of HEp-2 cells. In all cases, the bacteria were positive by FAS test (data not shown).
Interaction of CVD206(pCVD438) and CVD206(pBE310) with human IVOC. The domed mucosal surface overlying individual lymphoid follicles within Peyer's patches can be easily recognized by SEM ( figure 1A) . Thus, bacterial adhesion to FAE can be discriminated from other sites. CVD206(pCVD438) adhered to small intestine and FAE of Peyer's patches (figure 1B, 1C) and showed very limited adhesion to colon (table 1) . In contrast, CVD206(pBE310) adhesion was almost completely limited to FAE ( figure 1D; table 1 ). SEM results were typical for A/E lesion formation.
Interaction of CVD206(pICC55). The cell-binding domain of intimin-a encoded by pCVD438 was replaced with its intimin-g homologue-generating plasmid pICC55. IVOC showed that CVD206(pICC55) colonized Peyer's patch efficiently (figure 1E) but only 25% of small intestinal IVOC (table 1) . This contrasts with CVD206(pCVD438), which efficiently colonized both small intestinal mucosa and Peyer's patches (table 1) .
Interaction of O55:H7 (ICC58).
This clinical, intimin-gpositive, EPEC isolate showed similar tissue tropism to the other intimin-g-positive strains (i.e., adhesion and A/E lesion formation restricted to FAE of Peyer's patches and no adhesion to small or large intestine; table 1).
Discussion
Recently, the global fold of the intimin cell-binding domain (Int 280 a) was determined by multidimensional nuclear magnetic resonance [10] . The structure shows that Int 280 is built from three globular domains. The first two domains resemble the type I set of the immunoglobulin super family and form an articulated linker that probably extends away from the bacterial surface and confers a highly accessible third domain for potential interaction. Despite no significant sequence homology, the topology in Int 280 -D3 is reminiscent of the C-type lectins, a protein family responsible for cell-surface carbohydrate recognition. Modeling other intimin types (including EHEC intimin-g derivatives) revealed similar structures that define a new family of bacterial adhesion molecules [10] . Antigenic variation within the cell-binding domain of intimin raises the question of whether this contributes to tissue tropism exhibited by EPEC (mainly small-bowel colonization) and EHEC O157 (large- Figure 1 . Scanning electron microscopy (SEM). A, Distinctive appearance of dome-shaped follicle-associated epithelium (FAE) (arrowheads) overlying lymphoid follicles within ileal Peyer's patch. Normal-appearing villi (V) are also present. B and C, CVD206(pCVD438) adheres to ileum and FAE, respectively. Note individual bacteria (arrowheads) between microvilli, typical SEM appearance of attaching and effacing lesion, and elongated microvilli at edge of colony (long arrows). D, CVD206(pBE310) (arrowheads) adhering to FAE. E, CVD206(pICC55) (arrowheads) adhering to FAE with elongated microvilli at edge of lesion (arrows).
bowel colonization in animal studies and FAE in humans) [1, 2] .
Intimin-exchange studies have been done in piglets with wildtype EHEC (expressing intimin-g) or EHEC-expressing EPECderived intimin-a. In conventional animals, no differences were seen in intestinal distribution, but in gnotobiotic piglets EHECexpressing intimin-a produced A/E lesions in both small and large intestines, whereas EHEC-expressing intimin-g produced only large intestinal lesions [4] . These results provided preliminary evidence that different intimin types can determine tissue tropism. Here, we addressed the question with the use of two isogenic EPEC derivatives that express either intimin-a or intimin-g, an intimin-g-positive EPEC and human IVOC.
We showed recently that EHEC O157:H7 caused A/E lesions on human intestinal mucosa and that initial binding was restricted to FAE of ileal Peyer's patches [2] . Preferential FAE adhesion is common among enteric pathogens and is exhibited by several human pathogens in animal models (e.g., Salmonella typhimurium, Listeria monocytogenes, and Shigella flexneri) and by natural animal pathogens [11] .
Here we report that CVD206(pCVD348), similarly to the intimin-a-expressing wild-type EPEC (E2348/69), efficiently colonized small, but not large, intestine [2] . In contrast, CVD206(pBE310) and the O55:H7 EPEC, similarly to intiming-expressing EHEC strain 85-170 [2] , targeted FAE of Peyer's patches. CVD206(pICC55), expressing the intimin-g cellbinding domain on an intimin-a backbone, showed tropism to Peyer's patch mucosa, although it also adhered to some other small intestinal regions. CVD206(pCVD438), CDV206(pBE310), CVD206(pICC55), and ICC58 (O55:H7) expressed similar intimin levels and produced FAS-positive reactions. Accordingly, as the strains only differ in the type of intimin they express, our results provide direct evidence for the contribution of intimin-g to tropism to Peyer's patch tissue. The finding that an intimin-g-positive EPEC isolate shows the same tropism indicates that this is not limited to EHEC strains. However, this does not exclude the possibility that additional factors might be involved, and strains producing intimin types other than intimin-g might also target Peyer's patch epithelium. This is true of RDEC-1, a natural EPEC pathogen of rabbits, which expresses intimin-b and also targets Peyer's patches [11] .
Our results, while in agreement with those of Tzipori et al. [4] , who reported that intimin type influences the site of intestinal colonization, differed in the actual sites of colonization detected for the strains used. We found mainly small intestinal and Peyer's patch adhesion for the intimin-a-expressing EPEC E2348/69 derivative strain (CVD206[pCVD438]) and adhesion primarily restricted to Peyer's patch FAE for intimin-g-bearing strains (O55:H7, CVD206[pICC55], and CVD206[pBE310]). In piglets, Tzipori et al. [4] found a typical EPEC-associated pattern of distal small intestinal and colonic adhesion, and adhesion restricted to the colon for EHEC [4] . Species-specific patterns of adhesion can explain the more distal attachment of EPEC in gnotobiotic piglets, and the short length of exposure to the bacterial strains may explain the FAE-restricted adhesion seen in the IVOC system; colonization of other intestinal regions is probably a subsequent event [11] . It is possible that a similar tropism to FAE was present, but Peyer's patches were not specifically studied by Tzipori et al. [4] , and they killed animals when severe illness developed.
All strains produced A/E lesions. This suggests that the tissue tropism determining factor is outside the actual A/E lesion cascade of events and that initial adherence events may be important. The fact that both intimin-a and intimin-g can bind Tir from E2348/69 [12] also suggests that intimin-Tir interaction is not involved in tissue specificity. Evidence is accumulating that intimin binds to a receptor encoded by the host cell as well as to Tir, and this interaction could be relevant to tissue selectivity, particularly if it occurs prior to the A/E lesion cascade of events. Int 280 can bind to HEp-2 cells in the absence of Tir [12] . Moreover, we showed that Int 280 can bind b-1 integrins on solid-phase and CD4 T cells [13] . b-1 integrins are expressed on the apical surface of mouse M cells [14] , and, although not essential for A/E lesion formation ( [15] ; authors' unpublished data), b-1 integrins could be an intimin-adhesion target during the early stages of infection. Alternatively, the resemblance of the Int 280 third domain to C-type lectins [10] implicates a carbohydrate moiety in the host cell intimin receptor, another possible explanation for intimin-g-mediated FAE specificity. Bundle-forming pili (bfp), which were thought to act as an initial adhesin, are absent in EHEC and therefore could influence tissue specificity. However, this seems unlikely here, as the background strain used throughout the study (CVD206) possesses bfp. In addition, it is more likely that bfp are important in subsequent bacteria-bacteria interactions than in initial events [9] . Similarly, EspA was present in all 3 strains, which makes EspA filaments an unlikely tropism factor. It would be important to address this question directly with appropriate bacterial strains.
The identity of the host cell intimin receptor and its contribution to tissue specificity remain unknown. Experiments aimed at identifying the host-cell intimin receptor and the surface markers that discriminate between human FAE and absorptive epithelium are under way.
